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Description 

Background of the Invention 

5 (1) Field of the Invention 

[0001] The present invention relates to an optical waveguide element suitable for a second harmonic generation 
device of a quasi phase-matching type and a process for producing the same. 

10 (2) Related Art Statement 

[0002] In the general optical information processing technology, the blue light laser that stably generates blue light 
around in a wavelength range of 400 to 430 nm at an output of not less than 30 mW has been demanded to realize 
high density optical recording, and competitions have occurred in developments. As the blue light source, an optical 
15 waveguide type frequency conversion device in which a laser generating an infrared as fundamental waves is combined 
with a quasi phase-matching type second harmonic generation element has been expected. 

[0003] In the second harmonic generation device using a single crystal of lithium niobate, there is a limitation upon 
increase in the output of the light, because increase in the output of the light propagating the crystal changes the 
refractive index in the crystal through optical damage. The shorter the wavelength of the light, the more conspicuous 

20 is the optical damage. It is known that when a substrate of lithium niobate in which MgO is incorporated is used, it 
exhibits more resistance against the optical damage. At that time, the addition amount of MgO is around 5 mol%. 
[0004] According to "Electronics Letters, 24th April, 1997, Vol. 33, No. 9, pp 806 to 807, a optical waveguide type 
second harmonic generation device is realized by forming a periodically polarization-inverted structure at a substrate 
of MgO-doped lithium niobate, and forming a proton-exchanged optical waveguide in a direction orthogonal to this 

25 structure. 

[0005] However, if the generated output of the blue light increases in the second harmonic generation device of this 
type, a stable output could not be obtained due to the optical damage. For example, when a periodically polarization- 
inverting structure is formed at lithium niobate doped with 5 mol% of MgO, a proton-exchanged optical waveguide is 
formed in a direction orthogonal to this structure, and a blue light having a wavelength of 420 nm is generated, the 
30 emitted beam and output largely vary due to the optical damage when the output is not less than 1 0 mW, particularly 
not less than around 1 5 mW. A cause for such variations in the emitted beam and the output was unclear. 

Summary of the Invention 

35 [0006] It is an object of the present invention to reduce variations in output and realize stable resonance in an optical 
waveguide type device, even if the output of the emitted beam form the optical waveguide is increased. 
[0007] It is another object of the present invention, in a frequency conversion element using a quasi phase-matching 
system, to shorten the wavelength of emitted light, preferably emit light in a blue range, and effect stable resonance 
with less variation even if the output in the emitted light through the optical waveguide is increased. 

40 [0008] A first aspect of the present invention is to provide an optical waveguide element comprising a three-dimen- 
sional optical waveguide of a non-linear optical crystal, a substrate, and a joining layer made of an amorphous material 
through which the substrate is joined to the optical waveguide. 

[0009] A second aspect of the present invention is to provide an optical waveguide element comprising a three- 
dimensional optical waveguide of a non-linear optical crystal, and an underclad forthe optical waveguide, wherein the 
45 three-dimensional waveguide is formed in such a thickness by mechanically working the non-linear optical crystal as 
permitting light to be confined, and the underclad comprises an amorphous material. 

[0010] A third aspect of the present invention is to provide a process for producing an optical waveguide element, 
comprising the steps of joining an optical waveguide-forming material of a non-linear optical crystal to a separate 
substrate via a joining layer of an amorphous material, and forming a three-dimensional optical waveguide by working 
50 the optical waveguide-forming material, wherein the joining layer has a refractive index smaller than that of the non- 
linear optical crystal. 

[001 1] A fourth aspect of the present invention is to provide a process for producing an optical waveguide element, 
comprising the steps of joining an optical waveguide-forming material of a non-linear optical crystal to a separate 
substrate via a joining layer of an amorphous material, and forming a three-dimensional optical waveguide by working 
55 the optical waveguide-forming material, wherein the joining layer has a refractive index smaller than that of the non- 
linear optical crystal. 

[0012] A fourth aspect of the present invention is to provide an optical wavelength conversion element comprising 
a three-dimensional optical waveguide of a slab-shaped non-linear optical crystal, and clad layers of an amorphous 
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material on upper and lower surfaces of the optical waveguide. 

[001 3] The present inventors discovered that when the three dimensional optical waveguide of the non-linear optical 
crystal is joined to the substrate via the joining layer or directly to the substrate with no joining layer, and the joining 
layer or the substrate which is a base for the optical waveguide is used as an underclad, the optical damage is con- 
5 spicuously suppressed and variations in the output of the light is prevented, if the light propagating in the optical 
waveguide is increased and/or the wavelength is shortened. As a result, the inventors reached the present invention. 

Brief Description of the Invention 

10 [0014] For a better understanding of the invention, reference is made to the attached drawings, wherein: 

Fig. 1 (a) is a sectional view of schematically illustrating one embodiment of the optical waveguide element 1 A 
according to the present invention in which a ridge type three-dimensional optical waveguide 4 and a periodically 
polarization-inverted structure 5 are formed, and Fig. 1(b) being a perspective view of schematically illustrating 
15 the element in Fig. 1 (a); 

Figs. 2(a) and 2(b) are sectional views of schematically illustrating a process for producing the optical waveguide 
element in Figs. 1(a) and 1(b): 

Fig. 3 is an enlarged view of a part of a ridge structure of the element in Fig. 1 ; 

Fig. 4 is a sectional view of schematically illustrating another embodiment 1B of the optical waveguide element 
20 according to the present invention in which thick portions 8 in Figs. 1 (a) and 1 (b) are removed: 

Fig. 5 is a sectional view of schematically illustrating a further embodiment of the optical waveguide element 1C 
according to the present invention in which grooves 2c are formed in a substrate 2; 

Fig. 6 is a sectional view of schematically illustrating a still further embodiment of the optical waveguide element 
1 D according to the present invention in which grooves 2c are formed in a substrate 2; 
25 Fig. 7 is a sectional view of schematically illustrating a still further embodiment of the optical waveguide element 

1 E according to the present invention in which an optical waveguide 10 of a dielectric-coated type is formed; 
Figs. 8(a) and 8(b) are sectional view of schematically illustrating a process for producing the optical waveguide 
element in Fig. 7; 

Fig. 9 is a sectional view of schematically illustrating a still further embodiment of the optical waveguide element 
30 1 F according to the present invention in which thick portions are removed from the optical waveguide element of 

Fig. 7; 

Fig. 1 0 is a sectional view of schematically illustrating a still further embodiment of the optical waveguide element 
1G according to the present invention in which a dielectric 12 is coated onto an optical waveguide 10; 
Fig. 1 1 is a sectional view of schematically illustrating a still further embodiment of the optical waveguide element 
35 1 H according to the present invention in which thick portions are removed from the element of Fig. 1 0; 

Fig. 1 2 is a sectional view of schematically illustrating a still further embodiment of the optical waveguide element 
1 J according to the present invention in which grooves 7 are formed into a joining layer 3, with extended portions 
being removed; 

Fig. 1 3 is a sectional view of schematically illustrating a still further embodiment of the optical waveguide element 
40 1 E according to the present invention in which an overcoat layer 21 is formed over the entire surface of the element 

to cover an optical waveguide; 

Fig. 1 4 is a sectional view of schematically illustrating a still further embodiment of the optical waveguide element 
1L according to the present invention which comprises a pair of extended portions 26, and a ridge type optical 
waveguide 24 projecting from the extended portions 26 to a joining layer 3; 

45 Figs. 1 5 (a), 1 5(b) and 1 5(c) are sectional views of showing the steps of producing the element in Fig. 1 4; 

Fig. 1 6 is a model for calculating a single mode propagating condition for a fundamental wave (pumping light) and 
a harmonic wave when a pair of extended portions are formed at opposite sides of a ridge type optical waveguide; 
Fig. 17 is a graph showing the single mode condition for the optical waveguide when the width w of the ridge 
portion 4 and the thickness t2 of the extended portion 15 are varied, while the height t1 of the ridge portion 4 is 

so 1.0 pm; 

Fig. 18 is a graph showing the single mode condition for the optical waveguide when the width w of the ridge 
portion 4 and the thickness t2 of the extended portion 15 are varied, while the height t1 of the ridge portion 4 is 
2.0 urn; 

Fig. 1 9 is a graph showing the relationship between the difference in refractive index between the optical waveguide 
55 and the joining layer and the electric field distribution; 

Fig. 20 is a graph showing the relationship between a difference dn in refractive index between the optical 
waveguide and the joining layer and the maximum thickness satisfying the single mode condition when MgO- 
doped LiNb0 3 is used for the optical waveguide; 
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Fig. 21 is a schematic view showing the relationship in refractive index of layers in a three- 1 aye red structure of an 
optical waveguidek, a joining layer (refractive index of the joining layer < refractive index of a substrate), and the 
substrate; 

Fig. 22 is a graph showing the relationship between the intensity of the propagated light and the depth when a 
5 joining layer is provided; 

Fig. 23 is a graph showing the relationship between the intensity of the propagated light and the depth when no 
joining layer is provided; 

Fig. 24 is a graph showing the relationship among the thickness of the joining layer, the phase-matched wavelength 
and the effective refractive index; 
10 Fig. 25 is a perspective view of illustrating a state in which a voltage-applying method is used for an offcut substrate; 

Fig. 26 is a schematic view of illustrating directions of polarization-inverted pattern in an offcut substrate; 
Fig. 27 is a still another embodiment 1 M of the element according to the present invention in which a three-dimen- 
sional optical waveguide 34 is provided with a pair of projections 34a and 34b; 

Fig. 28 is a still another embodiment 1 N of the element according to the present invention in which a recess 31 is 
15 formed at a side of a front surface 2a of a substrate 2; 

Fig. 29 is a still another embodiment 1 P of the element according to the present invention in which a recess 31 is 
formed at a side of a front surface 2a of a substrate 2, and a part of an optical waveguide 24A is inserted into the 
recess 31 ; 

Fig. 30 is a still another embodiment 1Q of the element according to the present invention in which a recess 31 is 
20 formed at a side of a front surface 2a of a substrate 2, a part of a three-dimensional optical waveguide 34 is provided 

with a pair of projections 34a and 34b, and the projection 34b is inserted into the recess 31 ; and 
Fig. 31 is a still another embodiment 1 R of the element according to the present invention which uses two kinds 
of joining layers 3B and 3C. 

25 Detailed Description of the Invention 

[0015] The present invention will be explained in more detail with reference to the drawings. 

[001 6] Fig. 1 shows an optical waveguide element 1 A in which an optical waveguide 4 is joined to a surface 2a of a 

substrate 2 via a joining layer 3. The optical waveguide 4 is of a ridge type, and planar extended portions 15 extend 

30 at both sides of the optical waveguide 4 in traversing directions, respectively. In this embodiment, a thick portion 8 is 
formed at an terminal of each of the extended portions 15 outsides a groove. A space or the recess 7 is defined above 
each extended portion 15 for the formation of the ridge type optical waveguide. A reference numeral 5 denotes a 
periodically polarization-inverted portion. In this embodiment, a polarity polarization non-inverted portion 6 exists in an 
upper portion of the optical waveguide, but this may be removed. Thus, the ridge type optical waveguide 4 is as if it 

35 floats above the separate substrate via the joining layer 3. No such a three-dimensional optical waveguide has been 
never seen in the state of the art. The term "three-dimensional optical waveguide" means an optical waveguide that 
confines a light both in vertical directions, (height directions) and in lateral directions (right and left directions). 
[0017] The three-dimensional optical waveguide is shaped by working the non-linear optical crystal, for example 
physically working the crystal by machining or laser working. 

40 [0018] To the contrary, the conventional three-dimensional optical waveguide is ordinarily formed as follows. 

(1) The surface region of the substrate made of a non-linear optical crystal is modified to partially change the 
composition thereof so that a modified layer having a high refractive index, for example, a titanium-diffused layer 
or a proton-exchanged layer is provided. 
45 (2) A film of a single crystal having a refractive index higher than that of a substrate made of a non-linear optical 

crystal is formed on a surface of the substrate, and the single crystal film is worked in a slender, planar shape. 

[001 9] However for example, it is difficult to form a periodically polarization-inverted structure in a film of the single 
crystal after the single crystal film is formed. On the other hand, as mentioned above, it is known that a proton-ex- 
50 changed layer having a periodically polarization-inverted structure is formed in a surface region of a substrate of a 
lithium niobate single crystal, and such a layer is used as an optical waveguide. However, the resulting second harmonic 
generation device suffers from large optical damage. 

[0020] In the above second harmonic generation device, a cause which provokes optical damage when alight having 
a short wavelength of 400 to 430 nm, for example, is propagated at a high output is considered to be that the density 
55 of the output of the light confined in the optical waveguide exceeds a threshold in optical damage resistance of the 
crystal. 

[0021] However, the present inventors produced a device as in Fig. 1 in trial, and propagated light having a short 
wavelength at a high output density. Consequently, the inventors discovered that variations in the output of the second 
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harmonic waves emitted from the optical waveguide was suppressed to control the optical damage inside the optical 
waveguide. That is, it was discovered that when the light having a wavelength of 400 to 430 nm, for example, was 
propagated at a high output, the output density of the light confined in the optical waveguide did not exceed optical 
damage resistance inherently possessed by the crystal, and that there was still an allowance. Simultaneously with this, 
5 it was also discovered that the optical damage seen when the optical waveguide was formed by the proton exchange 
method, was provoked by degradation of the crystal in the surface region in the proton-exchanging step and reduction 
in optical damage resistance accompanying it. 

[0022] As a result, the present invention can provide the optical waveguide element in which variations in the output 
of the light are suppressed with extremely small optical damages. 

10 [0023] Together with the above it is important to join or bond the bulky three-dimensional optical waveguide formed 
by working through machining or the like to the joining layer of an amorphous material. For example, if the three- 
dimensional optical waveguide is joined to the substrate without the joining layer, excessive stress acts upon the optical 
waveguide due to difference in thermal expansion between the substrate and the optical waveguide during temperature 
descending after joining or due to temperature change after the joining. Reasons are as follows. That is, there is a 

15 difference in thermal expansion between the substrate and the optical waveguide is surely present due to difference 
in composition. Further, since the crystalline orientation of the substrate differs from that of the optical waveguide and 
the substrate is far larger and more bulky than the optical waveguide, a large stress acts from the substrate to the 
optical waveguide to cause strain in the optical waveguide. Consequently, it is likely that the propagating mode of the 
light traveling the inside of the optical waveguide varies or the optical damage occurs. 

20 [0024] Further, if a single crystal is used as a material of the joining layer the crystalline orientation in the joining 
layer also differs from that in the optical waveguide, which is likely to cause strain inside the optical waveguide. Further 
if a polycrystal is used as a material for the joining layer, any light coming out from the optical waveguide to the joining 
layer is scattered with crystal grain boundaries, etc. within the joining layer, which increase the propagation loss. 
[0025] To the contrary, according to the present invention, the bulky three-dimensional optical waveguide is joined 

25 to the substrate, and therefore, excellent crystallinity possessed by the bulk is utilized. Further, the optical waveguide 
contacts directly to the optical waveguide, not to the substrate, and the volume of the joining layer is far smaller than 
that of the substrate, so that stress more easily escapes into the joining layer and thus large stress is more unlikely to 
act upon the optical waveguide from the joining layer. In addition, since the joining layer is made of the amorphous 
material, stress acting upon the joining layer is easily dispersed, thereby further decreasing the strain of the optical 

30 waveguide. 

[0026] According to the description in "TECHNICAL REPORT OF IEICE US 95-24 : EMD 95-20 : CPM 95-32 (1995 
- 07) pp 31 to 38, a substrate of lithium niobate is directly joined to a substrate lithium tantalate, and the lithium niobate 
substrate is thinned, thereby preparing an optical waveguide structure in trial. This structure is differentfrom the present 
invention in that the substrates are joined directly to each other by utilizing hydroxyl groups absorbed onto the surfaces 
35 of the substrates. 

[0027] JP-A 7-225,403 discloses an optical waveguide element comprising a core of a non-linear optical material 
and a clad substrate surround the core, which element differs from the structure according to the present invention in 
which the bulky three-dimensional optical waveguide is joined to the substrate via an amorphous material. 
[0028] In the present invention, when the periodic polarization-inverted structure is formed at least in the optical 
40 waveguide, the optical waveguide element can function as a harmonic generation element. IN this case, since a light 
having a wavelength shorter (higher energy) than that of the fundamental wave propagates, the function and effect of 
the present invention are particularly large. 

[0029] When the element according to the present invention is used particularly as a second harmonic generation 
device, the harmonic wave has a wavelength of preferably 330 - 550 nm, and particularly preferably 440 - 430 nm. 
45 [0030] In a preferred embodiment of the present invention, an optical waveguide is a ridge type optical waveguide 
projection from the joining layer or the substrate. 

[0031] Further, in another preferred embodiment, a pair of extended portions are provided at opposite sides of the 
optical waveguide in transverse directions thereof, respectively. These extended portions make the joined state of the 
optical waveguide on the substrate stable. Further, the provision of the extended portions at the opposite sides of the 

50 optical waveguide make the propagating state of the light symmetrical. 

[0032] Although any particularly limitation is posed upon the non-linear optical crystal constituting the optical 
waveguide, a ferroelectric single crystal in which a periodically polarization-inverted structure is easily formed is pre- 
ferred. Particularly, single crystals of lithium niobate (LiNb0 3 ), lithium tantalate (LiTa0 3 ), lithium niobate-lithium tanta- 
late solid solution, and K 3 Li2Nb 5 0 15 are preferred. 

55 [0033] In order to further improve the optical damage resistance of the three-dimensional waveguide, one ore more 
metallic elements selected from the group consisting of magnesium (Mg), zinc (Zn), scandium (Sc) and indium (In) 
may be incorporated, and magnesium is preferred among them. 

[0034] In order to form the periodically polarization-inverted structure in the optical waveguide, a single crystal of 
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lithium niobate, a single crystal of a lithium niobate-lithium tantalate solid solution or these single crystal added with 
magnesium are particularly preferred from the standpoint of view that the polarity-inverted characteristics (condition) 
are clear. 

[0035] When the joining layer is provided, the material for the substrate is not particularly limited, so long as it has 
5 a given structural strength. However, the nearer physical properties between the optical waveguide and the coefficient 
of thermal expansion, the more excellent is the result. Particularly, single crystals of lithium niobate (LiNb0 3 ), lithium 
tantalate (LiTa0 3 ). lithium niobate-lithium tantalate solid solution, and K3Li2Nb 5 0 15 are preferred. 
[0036] Another film may beformed on the surface of the substrate. This film may be formed by a liquid phase epitaxial 
method, a sputtering method, a vapor deposition method, a spin coat method, a chemical vapor deposition method or 
10 the like. Although a material for the film is not particularly limited, silicon oxide, niobium pentaoxide, tantalum pentaox- 
ide, lithium niobate, lithium tantalate, and lithium niobate-lithium tantalate solid solution may be recited. 
[0037] When at least a surface region of the substrate functions as an underclad, at least the refractive index of the 
surface region of the substrate preferably has a refractive index smaller than that of the material of the optical 
waveguide. 

15 [0038] It is preferably that the refractive index of the material of the joining layer is smaller than that of the material 
of the optical waveguide. The difference in refractive index is preferably not less than 5 %, and more particularly not 
less than 10 %. The material of the joining layer is preferably an organic resin or glass (particularly preferably glass 
having a low melting point). As the organic resin, an acrylic resin, an epoxy resin, a silicone resin and the like may be 
recited. As the glass, low melting point glass composed mainly of silicon oxide is preferred. 

20 [0039] In order that the joining layer may function as an underclad, the thickness of the underclad is preferably not 
less than 0.1 jim, more preferably not less than 0.2 jim. From the standpoint of the positional stability of the three- 
dimensional optical waveguide, the thickness of the joining layer is not more than 3 jim. 

[0040] In order to product an optical waveguide element shown in Figs. 1 (a) and 1 (b), the following method is em- 
ployed, for example. That is, as shown in Fig. 2(a), a periodically polarization-inverted structure is formed at a surface 

25 of a material 9 for forming an optical waveguide. The surface (joining surface) 9a of the optical waveguide-forming 
material 9 on the side of the structure 5 is joined to a surface 2a of the substrate 2. Then, as sown in Fig. 2(b), a rear 
face (non-joined surface) 9b of the optical waveguide-forming material 9 is ground to form a thin material 9A. At this 
stage, it is difficult to thin the material 9A down to such a dimension as to confine the light in a thickness direction. 
Therefore, as shown in Figs. 1(a) and 1(b), grooves 7 are formed to shape an optical waveguide 4 of a ridge type 

30 structure. At this time, the thickness of the optical waveguide is adjusted. This working can be done by using a dicing 
device or a laser working device, for example, and a machining like dicing is preferred. 

[0041] No limitation is posed upon the method for the formation of the periodically polarization-inverting structure. 
As a method for forming a substrate of an electro-optic single crystal, for example, a substrate of lithium niobate, a Ti 
in-diffusion, an Li 2 0 external diffusion method, an Si0 2 coating/heating method, a Ti heat oxidation method, a proton 

35 exchanging/heating method, an electron beam scanning/irradiation method, a voltage applying method, a corona 
charging method, etc. are preferred. Among them, when a X-cut or Y-cut substrate or an off-cut substrate is used, the 
voltage applying method is particularly preferred form the standpoint of forming the deep periodically polarization- 
inverted structure with a high precision. On the other hand, the corona charging method or the voltage applying method 
is particularly preferably, when the Z-cut substrate is used. 

40 [0042] As a method for grinding the optical waveguide to a given height, it is preferable that a distance between a 
bottom of the optical waveguide and cutting outer peripheral blades which rotate vertically to the bottom of the optical 
waveguide is set at a given level, and cutting is effected to make the thickness of the optical waveguide to a necessary 
value. The reason is as follows. 

[0043] When the height of a workpiece having an almost planar shape is to be adjusted by grinding, the surface of 
45 the workpiece is commonly grand with external blades rotating in parallel to this surface. However, since the thickness 
is likely to be non-uniform due to a slight inclination of the rotating face of the external blades, it was difficult to control 
the height of the optical waveguide having a slender shape with a width of few to several \xm and a length of around 
1 mm in the order of submicrons. 

[0044] To the contrary, when cutting is effected while the distance between the bottom of the substrate and the cutting 
50 exterior blades rotating vertically to the bottom of the optical waveguide is set a given height, adjustment is possible 
in a height direction by adjusting the height of the exterior blades, and the precision at that time corresponds to a 
working precision (submicron order) of the general working machine. 

[0045] As shown in an optical waveguide 1B in Fig. 4, thick portions 8 may be omitted at extended portions. The 
thick portions 8 can be removed with the dicing device as mentioned above. 
55 [0046] When a ridge structure is formed, grooves may beformed in a substrate. For example, in an optical waveguide 
element 1C in Figs. 5, which is similar to that 1A in Figs. 1(a) and 1(b), grooves 2c are formed in a substrate 2, and 
grooves 1 7 at opposite sides of a ridge structure 8 enter the substrate 2. As a result, the ridge structure 1 8 comprises 
a projection 2b of the substrate, a joining layer 3 on the projection 2b and an optical waveguide 4 on the joining layer 3. 
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[0047] In an optical waveguide element 1 D in Fig. 6, which is similar to the optical waveguide element 1 C, recesses 
2c are formed to shape a projection 2b of the substrate 2. A reference number 20 is the same material as the joining 
layer 3, and the thick portions 8 are removed. 

[0048] Figs. 1 , 4, 5 and 6. a lower portion of the optical waveguide is a periodically polarization-inverted portion 5 : 
5 and an upper portion thereof is a non-inverted portion 6. However, the entire optical waveguide may be a polarization- 
inverted portion. Further, it may be that the upper portion of the optical waveguide is a periodically polarization-inverted 
portion 5, and its lower portion is a non-inverted portion 6. 

[0049] In one embodiment, a dielectric-loaded type three-dimensional optical waveguide can be used. For example, 
in an optical waveguide element 1E in Fig. 7, a three-dimensional optical waveguide 10, a pair of extended portions 

10 1 5 and a pair of thick portions 8 are joined to a surface 2a of a substrate via a joining layer 3. The three-dimensional 
optical waveguide 10 and the extended portions 15 constitute a thin portion, which is set at such a thickness as to 
confine the light in a thickness direction. A dielectric layer 12 is formed at a surface of the thin portion, and thus the 
three-dimensional optical waveguide 10 is formed on the dielectric layer 12. In this embodiment, the dielectric layer 
1 2 projects into the joining layer 3. 

15 [0050] The optical waveguide element in Fig. 7 is produced by the following method, for example. That is, as shown 
in Fig. 8(a), a periodically polarity-inverted structure 5 is formed at a surface of an optical waveguide-forming material 

9, and a dielectric layer 12 is formed thereon. The dielectric layer 12 is not limited to any material, so long as the 
material has a refractive index greater than that of the material 9. However, niobium oxide is preferred, for example. 
A joining surface 9c of the optical waveguide-forming material 9 is joined to a surface 2a of a substrate 2. Next, as 

20 shown in Fig. 8(b), a rear face (non-joining surface) of the material 9 is ground to form a thin portion 9A. Then, as 
shown in Fig. 7, a recess 11 is formed to shape thick portions 8 and thin portion 10, 15. Such are worked by using the 
method described before. 

[0051] As in an optical waveguide element IF in Fig. 9, the thick portions 8 on the extended portions may be omitted. 
[0052] Alternatively, a dielectric may be loaded on an upper side (opposite side to the substrate) of the optical 
25 waveguide. In an optical waveguide element 1G of Fig. 10, a dielectric 12 may be loaded onto an optical waveguide 

10. In an optical waveguide element 1H of Fig. 11, a dielectric 12 is loaded onto an optical waveguide, and such 
extended portions 8 as in Fig. 10 are omitted. 

[0053] According to the present invention, the depth of the grooves 7 in Fig. 1 is increased so that they may extend 
into the joining layer 3, which can omit the extended portions 15. In this case, the grooves 7 reach the joining layer 3 
30 as shown in an optical waveguide element 1 J of Fig. 12, for example, so that a ridge type optical waveguide 4 directly 
projects from the joining layer 3. 

[0054] Further, an overcoat layer may be provided to cover at least an optical waveguide. Fig. 1 3 shows an element 
1 K as an embodiment of this type. A surface of this element is covered with such an overcoat layer 21 on a side of an 
optical waveguide 4. 

35 [0055] In this structure, the surface of the optical waveguide directly contacts not open air, but the overcoat layer. 

Therefore, if the surface of the optical waveguide is coursed or finely cut, for example, the scattering of light can be 

more suppressed as compared with a case where the optical waveguide is exposed to open air. 

[0056] Although the overcoat layer is not limited to any material, silicon oxide (Si0 2 ), niobium pentaoxide, tantalum 

pentaoxide or various resin materials are preferred, for example. 
40 [0057] In a preferred embodiment of the present invention, an optical waveguide element is provided with a pair of 

extended portions and a ridge type optical waveguide projecting from the extended portions to a joining layer. Fig. 1 4 

shows an element 1 L according to this embodiment. 

[0058] For the substrate are provided a pair of thick portions 8, a pair of extended portions 26, and an optical 
waveguide 24 projecting from the extended portions to a joining layer 3. A pair of grooves 23 are formed between the 
45 thick portions 8 and the optical waveguide 24, and an amorphous material 22 is filled in the grooves 23. The filler 22 
of the amorphous material is preferably continued to the joining layer 3. 

[0059] In this embodiment, the optical waveguide 24 comprises a periocally polarization-inverted portion 5 and a 
polarization non-inverted, projecting portion 25, and the polarization-inverted portion 5 is provided near an end portion 
of the optical waveguide near the substrate 2. 
50 [0060] According to this structure, the surface of the optical waveguide contacts the amorphous material. Therefore, 
if the surface of the optical waveguide is coarsed or finely cut, for example, the scattering of light can be more sup- 
pressed as compared with a case where the optical waveguide is exposed to open air. Thus, variation in optical insertion 
loss decreases. 

[0061] Although a method for producing such an element is not particularly limited, the method mentioned before is 
55 preferably used. That is, as shown in Fig. 15(a), a periodically polarization-inverted structure 5 is formed at a surface 
of an optical waveguide-forming material 9. Then, as shown in Fig. 15(b), grooves 23 each having a given shape are 
formed by machining or laser working mentioned before, and a ridge-structured optical waveguide 24 is formed between 
a pair of the grooves 23. 
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[0062] Then, as shown in Fig. 15 (c), a surface 9a on a side of the structure 5 of an optical waveguide-forming 
material 9 is joined to a surface 2a of a substrate. At that time, an amorphous material 22 is filled in the grooves 23. 
Then, a rear face (non-joined face) of the optical waveguide-forming material 9 is ground to thin the material 9 and 
form the thick portions 8 and the extended portions 26 in Fig. 1 4. 

5 [0063] In a preferred embodiment where a pair of extended portions are extended in transversely opposite directions 
of an optical waveguide, respectively, single mode propagation occurs both for a wavelength of a fundamental wave 
and that of a wavelength-converted wave of a harmonic generation element. Particularly preferably, the width of the 
optical waveguide is 1 to 10 jam, and the height of the optical waveguide as measured from the extended portions is 
0.2 to 5 jam, and the thickness of the extended portion is 0.5 to 5 u.m. 

10 [0064] This embodiment will be explained. 

[0065] In order to find out an optical waveguide structure which affords a single mode condition for both an excited 
light and a wavelength-converted light, detailed investigations have been effected by using an optical waveguide struc- 
ture-analysis technique based on a finite element method, and characteristics were experimentally confirmed. As a 
result, it was discovered that the optical waveguide element in Fig. 1, for example, satisfies this condition, and that 

15 such an optical waveguide element can be easily produced because of an extremely large dimensional tolerance of 
the optical waveguide which realizes high performance. 

[0066] The element in Fig. 1 comprises the three-dimensional optical waveguide 4 and a pair of the extended portions 
15 extending at the opposite sides thereof, respectively. Such a structure is seen in the elements in Figs. 3, 4, 13 and 14. 
[0067] Concrete examination was effected, provided that the wavelength A,1 =810 nm of an excited light, and X2 = 
20 405 nm of a converted light. This examination was effected on a model shown in Fig. 16. In this model, 2 is a substrate, 
3 a joining layer, 4 a ridge portion, 15 an extended portion, and 30 an under portion of the optical waveguide as divided 
for calculating the structure of Fig. 3. 

[0068] Figs. 17 and 18 show examples of calculated results of the coupling loss in direct optical coupling between 
an excited laser and the fundamental mode of the optical waveguide (wavelength : XI ). In the calculating examples in 

25 Figs. 17 and 18, the ridge portion 14 and the extended portions 15 were made of the same non-linear optical material, 
and this non-linear optical material gave a refractive index of 2.1 4 for the wavelength : X1 and 2.29 for the wavelength : 
X2. The joining layer 3 gave a refractive index of 1 .51 for both the wavelengths indexes A/I and X2. As a spot for the 
excited laser to be coupled with this wavelength, a Gaussian beam having an x-direction radius of 1 .5 jim and a y- 
di recti on diameter of 1 .0 jim was assumed. 

30 [0069] The width w of the ridge portion 4 was taken along an abscissa. A coupling loss \\ between the mode field of 
the optical waveguide and a Gaussian beam having an x-direction diameter of 3 jam and a y-direction diameter of 2 
jim was taken along an ordinate. The height of the ridge portion 4 was fixed at t1 =1 .0 jim for Fig. 1 7 and t1 = 2.0 jim 
for Fig. 18. In each graph, the thickness t2 of the extended portion was varied in a range of 1.0 to 4.0 mm. Those 
denoted by solid lines in Figs. 17 and 18 are single mode-propagating zones. 

35 [0070] In each graph, there is a certain threshold value ws for the width of the ridge portion 4. For example, it is seen 
that when t1 = 1 .0 jim and t2 = not less than 2.0 jam, the single mode propagation occurs if w is less than the threshold 
value. In Fig. 1 7, ws varies in a range of 4 to 10 um However, if w is too narrow beyond necessity, the propagation 
approaches a slab mode, and gives a cutoff state (r| increases). If t2 becomes less than around 1.0 jim, the light- 
confined state is extremely strong. Thus, in order to satisfy the single mode condition, w = not more than 1 .0, and the 

40 coupling loss increases. 

[0071] In the calculated example of Fig. 17, the optimum structure in which the coupling loss is minimum is realized 
in a range of the single mode of the optical waveguide near the width of the ridge portion 4, w = 2.5 jim, the height of 
the ridge portion 4, t1 = 1 .0 jim and the thickness of the extended portion, t2 =1 .5 jim. 

[0072] In the calculated example of Fig. 1 8, the optical waveguide structure is also the optimum structure near w = 

45 2.5 jim, t1 = 2.0 jam and t2 =1 .5 urn 

[0073] In the above calculated examples, mentioning was effected with respect to t1 =1 .0 or 2.0 [im only, but it is 
clear that similar single mode propagation regions may be obtained with respect to other t1 values. It is confirmed 
through calculations and experiments that since the confining effect of the optical waveguide is increased by taking a 
larger t1 , the threshold value ws decreases. 

50 [0074] Although mentioning was effected with respectto t2 = 1 .0, 1 .5, 2.0, 2.5, 3.0. 3.5 or 4.0 jim, similar single mode 
propagation regions exist with respect to other t2 values. Since the confining effect of the optical waveguide is de- 
creased by taking a larger t2, the confined effect of the optical waveguide becomes weak, and therefore the threshold 
value ws increases. On the other hand, since the confining effect of the optical waveguide is increased by taking a 
smaller t2, the threshold value ws decreases. 

55 [0075] On the other hand, if either one of or both of(T)a specific difference in refractive index "(n1 - n2)/n2" in which 
nl is a refractive index of the ridge portion 4 and the extended portion 1 5, and n2 is a refractive index of the underlining 
layer 30, and the extended portion 15, respectively, and ©a specific difference in refractive index "(n1 - n2)/n2" in 
which nl is a refractive index of the ridge portion 4 and the extended portion 15, and n2 is a refractive index of air (the 
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refractive index of the overcoat layer instead of air, if the optical waveguide is overcoated), increases, the confined 
state of the optical waveguide becomes stronger and ws decreases, irrespective of the magnitudes of the refractive 
indexes n1 and n2. On the other hand, if one of or both of the above specific difference in refractive index decreases, 
it is clear that the confined state of the optical waveguide becomes weaker and ws increases, irrespective of which is 

5 larger, the refractive index n1 or n2. 

[0076] In the above calculation, results were shown with respect to a case where the spot radius of the excited laser 
is 1 .5 jxm for an x-direction and 1 .0 umi for an y-direction. The spot radius of the excited laser is determined in value, 
depending upon a combination of appropriate material, composition, structure and dimensions selected for use and 
operation wavelength. As a case may be, the laser beam may be coupled with the optical waveguide through a lens. 

10 In consideration of the above, the effective spot diameter values in size in a range from about 0.5 jam to about 5 jim. 
[0077] For example, if a laser having a small effective spot diameter is used, w and t2 decreases under the condition 
where the coupling loss t| between the excited laser and the present optical waveguide becomes infinitesimal, or when 
the spot diameter of the excited laser increased, w and t2 increase. 

[0078] In the above examination, one example was given. Considering that the refractive index largely varies at a 
15 operational environmental temperature, the refractive index of the non-linear optical crystal or the non-linear polymer 
material is set in a range of around 1 .3 to 2.5, and that of the bonding layer is in a range of 1 .3 to 2.0. Therefore, the 
structure which satisfies the single mode condition in the present invention for the effective spot diameter of the laser 
used and also decreases the coupling loss with the laser is that the ridge type optical waveguide has the width of 1 to 
10 |im and the height of 0.2 to 5 jim of the ridge portion 4, the thickness of the extended portion 15 and the underlining 
20 layer 30 is 0.5 to 5 jim, provided that the single mode is obtained. 

[0079] And also, it is obvious that examination results are similar between a model having a substrate layer functioned 
as a clad and a model having no substrate layer. 

(Refractive index of joining layer) 

25 

[0080] In case of forming an optical wavelength converting element of an optical waveguide type, overlapping of 
fundamental wave mode and harmonic wave mode largely affects a conversion efficiency. The form of a guide mode 
is influenced by a refractive index of a joining layer. In Fig. 19 is shown a relation between a difference of refractive 
index between optical waveguide and joining layer and an electric field distribution, wherein a wavelength is 850 nm, 
30 and the optical wave guide is LiNb0 3 (refractive index: 2.1 66) and a substrate is LiTa0 3 (refractive index: 2.158). As 
the difference of refractive index increases, a symmetry of mode profile increases and a trapping is improved. As seen 
from Fig. 1 9, when the difference An of refractive index between the optical waveguide and the joining layer is not less 
than 5%, the symmetry of the mode increases and the efficiency is favorably made higher. Further, when An is not less 
than 10%, the trapping is strengthened and it is possible to improve the conversion efficiency. 

35 

(Formation of single mode condition) 

[0081] In order to transform the wavelength with a higher efficiency in the optical wavelength converting element of 
the optical waveguide type, it is inevitable to form condition of single mode propagation in the optical waveguide. 

40 Especially, it is desirable that the optical waveguide satisfies single mode condition with respect to the fundamental 
wave (a case of fundamental wave > wavelength of transformed light). Because, when the fundamental wave is input 
to the optical waveguide, there is a possibility that the propagating fundamental wave is diffused into plural guide modes 
in a multi-mode optical waveguide. In the optical wavelength converting element, the conversion efficient is dependent 
upon the power density of the fundamental wave, so that when the propagation mode of the fundamental wave is 

45 diffused in the multi-mode optical waveguide, the conversion efficiency extremely lowers. And also, there is caused a 
problem that output becomes unstable due to the diffusion of the propagating mode. 

[0082] The single mode condition in the optical waveguide will be described below. In Fig. 20 is shown a relation 
between a difference An of refractive index to the joining layer when the waveguide is MgO-doped LiNb0 3 and a 
maximum thickness satisfying the single mode condition. The single mode depth is about 1 jim at the difference of 

50 refractive index of An = 5%. As the difference of refractive index becomes larger, the single mode condition becomes 
severer. This shows that the thickness of the waveguide should be controlled to not more than 1 jim for realizing the 
difference of refractive index to the joining layer (not less than 5%) in order to obtain an optical waveguide having a 
strong trapping. However, as the thickness of the waveguide becomes thin, an aspect ratio of the guide mode increases 
and an aspect ratio of a mode profile in an output light is proportional thereto, so that when light is collected by a lens 

55 system, it is required to conduct beam shaping of the output light and the like. Even in case of coupling the light in the 
waveguide, the mode profile is largely different from a beam profile of usual semiconductor laser or solid laser, which 
results in the lowering of coupling efficiency. Further, a change of effective refractive index to thickness variation of the 
waveguide becomes large, so that the ununiformity of the waveguide increases. In order to improve this, it is required 
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to increase the single mode depth of the waveguide. Considering the high efficiency coupling with the semiconductor 
laser, the single mode depth is required to be not less than 1 jim, so that the joining layer is required to be a material 
that the difference of refractive index between the joining layer and the optical waveguide is not more than 5%. Such 
a condition is difficult to realize a structure of the optical waveguide having the excellent symmetry and strong trapping. 

5 [0083] For this end, a novel waveguide structure is proposed as a method of increasing the single mode depth in 
the invention. When a three-layer structure of waveguide, joining layer (refractive index of joining layer < refractive 
index of substrate) and substrate as shown in Fig. 21 is taken as a distribution of refractive index in a depth direction 
of the waveguide, it has been found that the single mode condition of the optical waveguide is not dependent upon the 
difference of refractive index between the waveguide and the joining layer but largely depends upon the difference of 

10 refractive index between the waveguide and the substrate at a state that an electric field distribution of a light propa- 
gating in the waveguide is existent at the side of the substrate. That is, the single mode condition of the waveguide 
can largely be mitigated by using a substrate having a refractive index near to that of the optical waveguide. 
[0084] Concretely, the relation between the difference of refractive index and the single mode depth shown in Fig. 
20 is substantially established when the difference of refractive index is replaced with the difference of refractive index 

15 between the waveguide and the substrate. That is, the depth of the waveguide as a single mode may be rendered into 
not less than 1 u,m by setting the difference of refractive index between the substrate and the waveguide to not more 
than 5%. On the other hand, the electric field distribution of guided light existing in the optical waveguide can be 
controlled by the refractive index of the joining layer. As mentioned above, the refractive index of the joining layer is 
made smaller by not less than 5% than the refractive index of the waveguide, whereby the improvement of the symmetry 

20 electric field distribution of the guide mode and the strengthening of the trapping property can be realized. By arranging 
the joining layer can be independently designed the single mode condition of the waveguide and the electric field 
distribution of the guide mode. (However, such a condition is restricted when the electric field distribution of the guide 
mode is existent at the side of the substrate. Because, as the joining layer is too thick, the guide mode is not existent 
at the side of the substrate and hence the single mode condition is formed by the difference of refractive index between 

25 the waveguide and the joining layer.) 

[0085] As the condition of the waveguide through the joining layer, there are required the following two points. That 
is, there are a point that the refractive index of the joining layer is lower than the refractive index of the substrate, and 
a point that the electric field distribution of the guide mode propagating in the optical waveguide is existent at the side 
of the substrate. Concretely it is required that the electric field in the substrate is existent at not less than 1/1 000 of a 

30 maximum value of electric field in the waveguide. If the electric field in the substrate is smaller than the above value, 
the influence of the substrate upon the guide mode does not appear. 

[0086] In Figs. 22 and 23 are shown electric field distributions in case of using the joining layer and in case of using 
no joining layer, respectively, from which it is apparent that the presence of the joining layer largely increases the 
trapping in the waveguide and also increases the symmetry. As a result, it is understood that the increase of overlapping 
35 the fundamental wave and the harmonic wave in the waveguide is attained to increase the conversion efficiency in the 
waveguide having the joining layer two times or more. 

(Thickness of joining layer) 

40 [0087] The thickness of the joining layerwill be described. As the thickness of the joining layer increases, the influence 
of the substrate upon the waveguide is lost as mentioned above, and it is difficult to form the single mode condition. 
On the other hand, as the thickness of the joining layer decreases, the influence of such a thickness of the joining layer 
upon the effective refractive index of the waveguide increases. This shows that the uniformity of the optical waveguide 
device is largely dependent upon the thickness of the joining layer. In the optical wavelength converting element of the 

45 optical waveguide type, an allowable degree of phase matching wavelength is as very severe as about 0.1 nm. For 
this end. when the phase matching partly differs due to the ununiformity of the waveguide, the conversion efficiency 
extremely lowers. 

[0088] In Fig. 24 is shown a relation between the thickness of the joining layer and phase matching wavelength. 
When the thickness of the joining layer is not more than 0.1 jim, the dependency of the phase matching wavelength 

50 to the thickness of the joining layer is large. As the thickness becomes not less than 0.15 jim, the dependency gradually 
lowers and when the thickness is not more than 0.2 jim, the dependency becomes favorably small. Therefore, the 
joining layer is required to have a thickness that the dependency of the phase matching wavelength to the thickness 
of the joining layer becomes small and at the same time, it is necessary to thin the thickness to an extent that the 
electric field distribution of the guide mode is existent at the side of the substrate. 

55 [0089] Although the above is described with respect to the electric field distribution of the waveguide in the depth 
direction, it is also applicable to any waveguides such as coated waveguide, ridge waveguide, machined waveguide 
and the like. In orderto realize the trapping in a lateral direction of the waveguide, it is required to takethe latter structure. 
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(Formation of periodically polarization-inverted structure using an off -cut substrate) 

[0090] In order to constitute the optical wavelength converting element having a high efficiency, a periodically polar- 
ization-inverted structure and an increase of overlapping with a light propagating through the optical waveguide are 

5 important. Assuming a case that a second harmonic wave having a wavelength of about 41 0 nm is generated from a 
fundamental wave having a wavelength of about 820 nm as a shape of an optical waveguide, a depth of the optical 
waveguide is about 2 jxm, so that a depth of a periodically polarization inversion is required to be not less than 2 jam. 
[0091] As a method of forming a deep polarization-inverted structure, there is a method of using an off-cut substrate 
having a crystal axis inclined with respect to the surface of the substrate. For example, in an X off-cut substrate, X- 

10 axis and Z-axis of the X plate (substrate having X-axis of crystal perpendicular to the surface of the substrate) are 
inclined by 9 centering Y-axis. In a Y off-cut substrate, Y-axis and Z-axis of the Y plate (substrate having Y-axis of 
crystal perpendicular to the surface of the substrate) are inclined by 0 centering X-axis. When the polarization inverting 
structure is formed by using such X cut-off substrate and Y cut-off substrate, it is made possible to from the deep 
polarization inverting structure, whereby a higher efficiency of the optical wavelength converting element is obtained. 

15 The polarization inverting depth increases as an off-cut angle increases. For instance, when a period of the periodically 
polarization inverting structure is 3 u.m, the polarization-inverted depth is 1 jam at an off-cut angle of 6 - 1 .5°, 1 .7 u.m 
at an off-cut angle of 6 = 3°, and about 2.5 jim at an off-cut angle of 0 = 5°, respectively. Therefore, it is desirable to 
use a substrate having an off-cut angle 0 of not less than 3° for realizing a sufficient overlap of the optical waveguide 
and the periodically polarization inverting structure. 

20 [0092] However, there are the following subjects when the polarization inverting structure is formed in the off-cut 
substrate: 

(1) when a proton-exchanged optical waveguide is applied to the off-cut substrate, a propagation loss increases 
in proportion to the off-cut angle; 
25 (2) when the proton-exchanged optical waveguide is formed in the Y off -cut substrate, the propagation loss is two 

times or more as compared with that in the X off -cut substrate. 

[0093] In case of the proton-exchanged optical waveguide used in the conventional optical wavelength converting 
element of optical waveguide type, if it is intended to utilize the deep polarization inversion through the off -cut substrate, 

30 characteristics are degraded by the propagation loss of the optical waveguide, so that only the X off-cut substrate 
having 0 of less than 3° is used. In case of using the Y off-cut substrate, the propagation loss of the optical waveguide 
4-5 dB/cm or more and largely degrade the characteristics of the second harmonic wave generating element, so that 
such a substrate is difficult to be used in the proton-exchanged optical waveguide. The cause on the propagation loss 
of these optical waveguides is based on chemical damage produced in the proton-exchanging. 

35 [0094] The optical wavelength converting element according to the invention is very effective to solve the above 
subject matters. In the optical wavelength converting element according to the invention, the formation of the optical 
waveguide is possible without using a proton-exchanging step, so that there is not caused the chemical damage. 
Therefore, it is possible to use the X off-cut substrate or Y off-cut substrate having an off-cut angle of not less than 3°. 
which has hardly been used in the conventional technique. That is, in case of using the conventional X or Y off-cut 

40 substrate of 0 = 5°, a guide loss is not less than 2 dB/cm in the X off-cut substrate, and 4-5 dB/cm or more in the Y off- 
cut substrate. According to the invention, however, even when using the off-cut substrate of 0 = 5°, it is possible to 
form an optical waveguide having a low propagation loss of not more than 1 dB/cm. As a result, the conversion efficiency 
of the second harmonic wave generating element can be increased to not less than 2 times by utilizing the deep 
polarization inversion and the low loss waveguide structure. 

45 [0095] And also, it has been confirmed that the structure of the optical wavelength converting element having a 
higher efficiency is obtained by using the Y off-cut substrate (substrate having an X-axis parallel to the surface of the 
substrate). That is, it has been found out that a thicker polarization inverting structure is formed in the Y off-cut substrate 
as compared with the conventionally used X off-cut substrate. In case of the Y off-cut substrate, a polarization inverting 
portion is obtained to have a depth deeper by 1 .2 times than that of the X off -cut substrate. As a result, it is possible 

50 to enhance the conversion efficiency of the optical wavelength converting element to 1 .2 times. As regards the polar- 
ization inverting period, the inverting structure formed in the Y off-cut substrate is made possible to more shorten the 
period, which is advantageous to realize an optical wavelength converting element having a short wavelength. In the 
conventional optical wavelength converting element using the proton-exchanged optical waveguide, the use of the Y 
off-cut substrate is not examined because the guide loss is large. However, the use of the optical wavelength converting 

55 element according to the invention can form a low loss waveguide structure, and is possible to realize a high efficiency 
optical wavelength converting element. 



11 



EP 1 139 162 A2 



(Modified embodiment of element) 

[0096] In an embodiment of the invention, the three-dimensional optical waveguide comprises a projection portion 
projecting from the extended portion in a direction separating away from the substrate and a projection portion projecting 
5 from the extended portion in a direction approaching to the substrate. This embodiment corresponds to an element 
1 M shown in Fig. 27. 

[0097] In the element 1 M, a three-dimensional optical waveguide 34 and a pair of extended portions 1 5 are joined 
to a surface of a substrate 2 through a joining layer 3A. The three-dimensional optical waveguide comprises a projection 
portion 34b extending in a direction toward the substrate 2, a projection portion 34a extending in a direction separating 

10 away from the substrate, and a central portion 34c sandwiched between the projection portions 34a and 34b. The 
projection portions 34a, 34b are substantially symmetric with respect to the central portion 34c. 
[0098] When using the three-dimensional optical waveguide of such a construction, a cross-sectional form of a light 
beam propagating through the optical waveguide approaches to a true circular form. Therefore, a coupling loss when 
the element is coupled to an external optical fiber is more reduced. Alternatively, an energy loss when a light propagating 

15 through the optical waveguide is collected and focused is reduced. 

[0099] And also, it is possible to form a recess or a projection in the surface 2a of the substrate 2. In a particularly 
preferable embodiment, the thickness of the joining layer is made large between the three-dimensional optical 
waveguide and the surface of the substrate and made small between the extended portion and the surface of the 
substrate. Alternatively, the three-dimensional optical waveguide is disposed above the recess formed in the surface 

20 of the substrate. 

Thus, stress applied from the sides of the substrate and the joining layer to the three-dimensional optical waveguide 
is more reduced. 

[0100] In Fig. 28 is shown an element 1 N corresponding to the above preferable embodiment. A recess 31 is formed 
in the surface 2a of the substrate 2. A three-dimensional optical waveguide 4 and a pair of extended portions 15 are 
25 joined to the substrate surface 2a through ajoining layer 3. That is, thethree-dimensional optical waveguide 4 is located 
above the recess 31 and a material 32 for the joining layer is also filled in the recess 31 . As a result, the thickness of 
the joining layer is relatively large between the three-dimensional optical waveguide and the substrate and relatively 
small between the extended portion and the substrate. 

[0101] In such an embodiment, a ratio of the thickness between the three-dimensional optical waveguide and the 
30 substrate to the thickness between the extended portion and the substrate is favorable to be 10-1:1. 

[0102] In another preferable embodiment, the recess is formed in the surface of the substrate and at least a part of 
the three-dimensional optical waveguide is located in the recess. Fig. 29 shows an element 1 P corresponding to such 
an embodiment. 

[0103] In the element 1 P. a recess 31 is formed in the surface 2a of the substrate 2. And also, a three-dimensional 
35 optical waveguide 24A projects toward the substrate 2 and a top portion of the waveguide 24a locates in the recess 
31 . A material 32 for a joining layer is filled in the recess 31 . Since the surface of the element is substantially flat, the 
aforementioned function and effects are obtained. 

[0104] In an element 1 Q shown in Fig. 30, a recess 31 is formed in a surface 2a of a substrate 2. And also, a three- 
dimensional optical waveguide 34 is provided with a pair of projection portions 34a and 34b, and a top of the projection 

40 portion 34b locates in the recess 31 . 

[0105] Moreover, it is not required that the joining layer is continuously formed over a full surface of the substrate 
between the three-dimensional optical waveguide and the substrate or between the extended portion and the substrate. 
For example, a space may be partly formed between the three-dimensional optical waveguide and the substrate, or a 
filling material other than a joining material may be filled in such a space. And also, a space may be partly formed 

45 between the extended portion and the substrate, or a filling material other than a joining material may be filled in such 
a space. 

[0106] In addition, the joining layer may be madefrom plural kinds of materials. For instance, in an element 1 R shown 
in Fig. 31 , the extended portion 15 and the three-dimensional optical waveguide 4 are joined to the surface 2a of the 
substrate 2 through two kinds of joining layers 3B and 3C. 
50 [0107] The invention will be described with respect to concrete examples. 

(Example 1) 

[0108] There is manufactured an optical waveguide element 1 A shown in Fig. 1 . At first, a periodically polarization 
55 inverting structure 5 having a period of 3.2 jam and a polarization inverting depth of 2 jam is formed in an X-face of 3 
degrees off-cut plate body 9 (87° Z-cut) made of lithium niobate doped with 5 mol% of MgO by a voltage applying 
process. Concretely, as shown in Figs. 25 and 26, a polarization inverting structure 25 is formed in an off-cut (3 degrees) 
X plate body 21 (made of MgO-doped lithium niobate) at a pitch (period) of 3.2 jim by the voltage applying process. 
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In this case, a comb-type electrode 23 and a strip electrode 22 are arranged on a front surface 21 a of the plate body 
21 so as to extend in an Z-direction and oppose to each other. On a rear surface 21b of the plate body 21 is disposed 
a uniform planar electrode 24. A voltage is applied at V1 =5 kV/mm between the comb-type electrode 24 and the 
planar electrode 24 and at V2 = 5 kV/mm between the comb-type electrode 23 and the strip electrode 22, respectively 
5 to form the periodically polarization inverting structure 25. 

[0109] Since the plate body 21 is off-cut, the resulting inversion pattern extends along a polarization direction (Ps) 
of the plate body and hence extends from the surface 21a of the plate body toward the inside of the plate body in a 
direction inclining at an angle of 3 degrees with respect to the surface 21a. 

[01 1 0] Then , a surface 9a of the plate body 9 to be joined is adhered to a surface 2a of a substrate 2 (X off-cut lithium 

10 niobate substrate, thickness: 1 mm). As an adhesive is used a low melting point glass consisting essentially of silicon 
oxide. An adhesion temperature is about 500°C and a thickness of an adhesion layer 3 (or joining layer) is about 0.5 jim. 
[0111] Then, the plate body 9 is polished by a mechanical polishing device such that a thickness of a polished plate 
body 9A is 50 jim. Next, a ridge structure shown in Figs. 1 and 3 is formed in the polished plate body 9A by using a 
dicing apparatus. In this case, a thickness A of an extended portion 15 is 1 jim, and a height B (ridge height) of an 

15 optical waveguide 4 is 1 .5 jim, and a width C of the ridge structure is 4 jam. As a dicing blade is used a resin-bonded 
diamond grindstone SD6000 (outer diameter: about 52 mm, thickness: 0.1 mm), wherein a revolution number of the 
blade is 30,000 rpm and a feeding rate of the blade is 1.0 mm/sec. After the formation of the ridge structure, the 
substrate provided with the plate body is cut in a cross-sectional direction thereof to form an element of 10 mm in 
length. Both cut end faces of the optical waveguide 4 are subjected to chemical-mechanical polishing. 

20 [0112] A second harmonic wave is generated in the element by using a titanium-sapphire laser. In this case, a phase 
matching wavelength is 850 nm and a wavelength of the second harmonic wave is 425 nm. An SHG conversion effi- 
ciency is about 500%/W. When an output of a fundamental wave is 1 00 mW, an output of a second harmonic wave of 
50 mW is obtained, and also the degradation of characteristics in the second harmonic wave due to light damage or 
the like is not observed. A relation between output of fundamental wave and output of second harmonic wave is shown 

25 in Table 1 . 



Table 1 



Output of fundamental wave mW 


Output of second harmonic wave mW 


45 


10 


63 


20 


76 


30 


89 


40 


100 


50 



(Comparative Example 1) 



[0113] A periodically polarization inverting structure having a period of 3.2 jim and a polarization inverting depth of 
2 jxm is formed in an X-face of 3 degree off-cut plate body (87° Z-cut) made of lithium niobate doped with 5 mol% of 
MgO (thickness: 0.5 mm) in the same manner as in Example 1 . 

[01 1 4] Then , a three-dimensional optical waveguide extending in a direction perpendicularto the polarization inverted 
pattern of the plate body is formed by a proton-exchanging process using pyrophosphoric acid. Concretely, the surface 
of the plate body is masked with a tantalum mask having an elongated straight opening of 4 u,m therein. The plate 
body is immersed in pyrophosphoric acid heated to 200°C for 10 minutes. After the mask is removed off, the plate 
body is subjected to an annealing treatment at 350°C in air for 4 hours to form a three-dimensional optical waveguide. 
The plate body is cut to form an element of 10 mm in length. Both cut end faces of the optical waveguide are subjected 
to chemical-mechanical polishing. 

[0115] A second harmonic wave is generated in the element by using a titanium-sapphire laser. In this case, a phase 
matching wavelength is 850 nm and a wavelength of the second harmonic wave is 425 nm. An SHG conversion effi- 
ciency is about 500%/W. When an output of a fundamental wave reaches up to about 15 mW, it is possible to stably 
generate the second harmonic wave without degrading the characteristics due to the light damage or the like. However 
when the output of the second harmonic wave exceeds 1 5 mW. a change of output beam is caused by the light damage. 
When the output reaches to 20 mW, it is impossible to stably generate the second harmonic wave. 
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(Example 2) 

[0116] There is manufactured an optical waveguide element 1 D shown in Fig. 6. In this case, a periodically polari- 
zation inverting structure 5 having a period of 3.2 jim and a polarization inverting depth of 2 jim is first formed in an X- 
5 face of 3 degree off-cut plate body 9 (87° Z-cut) made of lithium niobate doped with 5 mol% of MgO (thickness: 0.5 
mm) in the same manner as in Example 1 . 

[01 1 7] Then , a strip-like Nb 2 O s film (dielectric layer) having a width of 4 u,m and a thickness of 300 nm is formed on 
a joining face of the plate body 9 in a direction perpendicular to the direction of the polarization inverting pattern. 
[0118] Next, a face 9a of the plated body 9 to be joined is adhered to a surface 2a of a substrate 2 (X off-cut lithium 
10 niobate substrate thickness: 1 mm). As an adhesive is used an epoxy resin curing at room temperature. An adhesion 
layer 3 has a thickness of about 0.5 jim. 

[0119] Thereafter, the plate body 9 is polished by a mechanical polishing device such that a thickness of a polished 
plate body 9A is 20 jim. Then, a recess 11 is formed by using a dicing device so as to render a thickness of an extended 
portion 15 into 3 um As a dicing blade is used a resin-bonded diamond grindstone SD5000 (outer diameter: about 52 

15 mm, thickness: 0.1 mm), wherein a revolution number of the blade is 10,000 rpm and a feeding rate of the blade is 0.5 
mm/sec. The substrate provided with the plate body is cut in a cross-sectional direction thereof to form an element of 
10 mm in length. Both cut end faces of the optical waveguide are subjected to chemical-mechanical polishing. 
[0120] A second harmonic wave is generated in the element by using a titanium-sapphire laser. In this case, a phase 
matching wavelength is 850 nm and a wavelength of the second harmonic wave is 425 nm. An SHG conversion effi- 

20 ciency is about 500%/W. When an output of a fundamental wave is 1 00 mW, an output of a second harmonic wave of 
50 mW is obtained, and also the degradation of characteristics in the second harmonic wave due to light damage or 
the like is not observed. 

(Example 3) 

25 

[0121] An element 1 L shown in Fig. 14 is manufactured according to procedures of Figs. 15a to 15c. 
[0122] At first, a periodically polarization inverting structure 5 having a period of 2.8 jim and a polarization inverting 
depth of 2.5 jim is formed in an X-face of 3 degree off-cut plate body 9 (87° Z-cut) made of lithium niobate doped with 
5 mol% of MgO (thickness: 0.5 mm) in the same manner as in Example 1 . 

30 [0123] Then, two grooves 23 each having a depth of 1 .5 jim and a width of 5 jim are formed on the surface of the 
plate body 9 by a laser work using an excimer laser. Moreover, a distance between the grooves 23 is 5 u.m. 
[0124] Next, a face 9a of the plated body 9 to be joined is adhered to a surface 2a of a substrate 2 (X off-cut lithium 
niobate substrate thickness: 1 mm). As an adhesive is used an acrylic resin curing at room temperature. An adhesion 
layer 3 has a thickness of about 0.5 u.m. And also, the adhesive is filled in the groove 23. 

35 [0125] Thereafter, the plate body 9 is polished by a mechanical polishing device to obtain a structure shown in Fig. 
14, wherein a thickness of a thick portion 8 is 3 jim. Such a structure is cut in a cross-sectional direction thereof to 
form an element of 1 0 mm in length. Both cut end faces of the optical waveguide are subjected to chemical-mechanical 
polishing. 

[0126] A second harmonic wave is generated in the element by using a titanium-sapphire laser. In this case, a phase 
40 matching wavelength is 820 nm and a wavelength of the second harmonic wave is 410 nm. When an output of a 
fundamental wave is 100 mW, an output of a second harmonic wave of 60 mW is obtained, and also the degradation 
of characteristics in the second harmonic wave due to light damage or the like is not observed. 

(Example 4) 

45 

[0127] A periodically polarization inverting structure having a period of 2.8 u.m is formed in a Z-cut plate body of 
lithium niobate doped with 5 mol% of MgO (thickness: 0.3 mm) by a corona charging process. That is, a periodically 
polarization inverting structure having a pitch of 2.7 jim is formed on +Z face of the plate body and then a polarization 
inverting structure is produced by scanning a corona wire on -Z face of the plate body. The polarization inverting 
50 structure is uniformly over a whole of the plate body in a thickness direction thereof. 

[0128] Then, a strip-like plate having a width of 0.5 mm is cut out from the plate body in Y-direction, and a cut face 
(X) of the plate is subjected to chemical-mechanical polishing. 

[0129] Next, the X face of the strip-like plate is adhered to a substrate (single silicon crystal thickness: 0.35 mm). As 
an adhesive is used an acrylic resin curing at room temperature. An adhesion layer 3 has a thickness of about 0.3 jo,m. 
55 Thereafter, the plate body 9 is polished by a mechanical polishing device such that a thickness of a polished plate body 
9A is 3.5 jim. Then, two grooves 23 each having a depth of 2 jim and a width of 5 jim are formed on the surface of the 
polished plate body 9A by a laser work using an excimer laser. 
A distance between the two grooves 23 is 4 nm. 



14 



EP 1 139 162 A2 



10 



[0130] Then , the substrate provided with the plate body is cut in a cross -sectional direction thereof to form an element 
of 1 0 mm in length. Both cut end faces of the optical waveguide are subjected to chemical-mechanical polishing. 
[0131] A second harmonic wave is generated in the element by using a titanium-sapphire laser. In this case, a phase 
matching wavelength is 820 nm and a wavelength of the second harmonic wave is 410 nm. When an output of a 
fundamental wave is 1 50 mW, an output of a second harmonic wave of 1 00 mW is obtained, and also the degradation 
of characteristics in the second harmonic wave due to light damage or the like is not observed. 
[0132] As seen from the above, according to the invention, even when an output of a light emitted from the optical 
waveguide is increased in the device of optical waveguide type, stable oscillation can be realized with lessening a 
change of the output. 

Claims 

1. An optical waveguide element comprising a three-dimensional optical waveguide of a bulky non-linear optical 
15 crystal, a substrate, and a joining layer made of an amorphous material through which the substrate is joined to 

the optical waveguide. 

2. The optical waveguide element set forth in claim 1 . wherein the joining layer functions as an underclad for the 
optical waveguide. 

20 

3. The optical waveguide element set forth in claim 1 , wherein the substrate functions as an underclad for the optical 
waveguide. 

4. The optical waveguide element set forth in any one of claims 1 to 3, wherein a periodically polarization-inverted 
25 structure is formed at least in the optical waveguide, and the optical waveguide element functions as a harmonic 

generating element. 

5. The optical waveguide element set forth in any one of claims 1 to 4, wherein a cross-sectional shape of the optical 
waveguide is almost rectangular. 

30 

6. The optical waveguide element set forth in any one of claims 1 to 5. wherein the optical waveguide is formed by 
mechanically working the non-linear optical crystal. 

7. The optical waveguide element set forth in any one of claims 1 to 6, wherein the optical waveguide is a ridge-type 
35 optical waveguide projecting form the joining layer. 

8. The optical waveguide element set forth in any one of claims 1 to 7, which comprises a pair of extended portions 
extending in opposite directions as viewed in a cross section of the optical waveguide, respectively. 

40 9. The optical waveguide element set forth in claim 8, wherein the optical waveguide projects from the extended 
portions toward the joining layer 

10. The optical waveguide element set forth in claim 9, wherein a thick portion of a bulky non-linear crystal is provided 
on an outer side of each of the extended portions, a recess is provided between the thick portion and the optical 

45 waveguide, and said amorphous material is filled in the recess. 

1 1 . The optical waveguide element set forth in any one of claims 1 to 10, wherein the optical waveguide is an optical 
waveguide of a dielectric-loaded type, and a layer of a dielectric is provided to form the optical waveguide.. 

50 12. The optical waveguide element set forth inclaim 11 , wherein the dielectric layer is opposed to the substrate through 
the joining layer. 

13. The optical waveguide element set forth in any one of claims 8 to 12, wherein a single mode propagation occurs 
both at a wavelength of a fundamental wave and that of a wavelength of a harmonic wave. 



55 



1 4. The optical waveguide element set forth in claim 1 3, wherein the optical waveguide has a width of 1 to 1 0 u.m and 
a height of 0.2 to 5 |im as measured from the extended portion, and each of the extended portions has a thickness 
of 0.5 to 5 urn. 
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15. The optical waveguide element set forth in any one of claims 1 to 14, wherein the joining layer has a refractive 
index smaller than that of the substrate. 

16. The optical waveguide element set forth in any one of claims 1 to 14, wherein the joining layer has a refractive 
index smaller than that of the optical waveguide by not less than 5%. 

17. The optical waveguide element set forth in any one of claims 1 to 14, wherein the substrate has a refractive index 
slightly smaller than that of the optical waveguide, and an electric field distribution of an optical wave mode prop- 
agating the optical waveguide exists in the substrate. 

1 8. The optical waveguide element set forth in 1 7, wherein the refractive index of the substrate differs from that of the 
optical waveguide by not more than 5%. 

1 9. The optical waveguide element set forth in any one of claims 1 to 1 8, wherein the joining layer comprises a glass 
composed mainly of silicon oxide. 

20. The optical waveguide element set forth in any one of claims 1 to 1 9, wherein the optical waveguide comprises a 
non-linear optical material composed mainly of LiNb x Ta (1 . x) 0 3 (0 < x < 1). 

21 . The optical waveguide element set forth in claim 20, wherein the joining layer comprises a glass composed mainly 
of silicon oxide, and the thickness of the joining layer is not less than 0.1 |im. 

22. The optical waveguide element set forth in any one of claims 1 to 21 , which further comprises an overcoat layer 
covering at least the optical waveguide. 

23. An optical waveguide element comprising a three-dimensional optical waveguide of a bulky non-linear optical 
crystal, and an underclad for the optical waveguide, wherein the three-dimensional waveguide is formed in such 
a thickness by mechanically working the non-linear optical crystal as permitting light to be confined, and the un- 
derclad comprises an amorphous material. 

24. The optical waveguide element set forth in claim 23, which further comprises a substrate joined to the optical 
waveguide and wherein the underclad is a joining layer that joins the optical waveguide to the substrate. 

25. The optical waveguide element set forth in claim 23, which further comprises a substrate joined to the optical 
waveguide and a joining layer that joins the optical waveguide to the substrate and wherein the substrate functions 
as an underclad. 

26. The optical waveguide element set forth in any one of claims 23 to 25, wherein a periodically polarization-inverted 
structure is formed at least in the optical waveguide, and the optical waveguide element functions as a harmonic 
wave-generating element. 

27. The optical waveguide element setforth in any one of claims 23 to 26, wherein the optical waveguide has an almost 
rectangular cross-sectional shape. 

28. The optical waveguide element set forth in any one of claims 23 to 27, wherein the optical waveguide is a ridge- 
type optical waveguide. 

29. The optical waveguide element set forth in any one of claims 23 to 28, wherein the optical waveguide is an optical 
waveguide of a dielectric-loaded type, and a layer of a dielectric is provided to form the optical waveguide. 

30. The optical waveguide element set forth in any one of claims 24 to 29, wherein the joining layer has a refractive 
index smaller than that of the substrate. 

31. The optical waveguide element set forth in any one of claims 24 to 29, wherein the joining layer has a refractive 
index smaller than that of the optical waveguide by not less than 5%. 

32. The optical waveguide element set forth in any one of claims 24 to 29, wherein the substrate has a refractive index 
slightly smaller than that of the optical waveguide, and an electric field distribution of an optical wave mode prop- 
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agating the optical waveguide exists in the substrate. 

33. The optical waveguide element set forth in claim 32, wherein the refractive index of the substrate differs from that 
of the optical waveguide by not more than 5%. 

34. The optical waveguide element set forth in any one of claims 23 to 33, wherein the amorphous material comprises 
a glass composed mainly of silicon oxide. 

35. The optical waveguide element set forth in any one of claims 23 to 34, wherein the optical waveguide comprises 
a non-linear optical material composed mainly of LiNb x Ta (1 . x) 0 3 (0 < x < 1). 

36. The optical waveguide element set forth in claim 35, wherein the amorphous material comprises a glass composed 
mainly of silicon oxide, and the thickness of the amorphous material is not less than 0.1 um 

37. The optical waveguide element set forth in any one of claims 1 to 36, wherein the three-dimensional optical 
waveguide is formed by working an optical waveguide-forming material comprising the bulk non-linear optical 
crystal, the optical waveguide-forming material is an off-cut substrate, and a C-axis of the non-linear optical crystal 
is inclined to a normal to a surface of the offset substrate. 

38. The optical waveguide element set forth in claim 37, wherein the C-axis of the non-linear optical crystal is inclined 
to a normal to a surface of the off-cut substrate by not less than 3° to not more than 87°. 

39. The optical waveguide element set forth in claim 37 or 38, wherein an X-axis of the non-linear optical crystal is 
parallel to the surface of the off -cut substrate. 

40. A process for producing an optical waveguide element, comprising the steps of joining an optical waveguide- 
forming material of a bulky non-linear optical crystal to a separate substrate via a joining layer of an amorphous 
material, and forming a three-dimensional optical waveguide by working the optical waveguide-forming material, 
wherein the joining layer has a refractive index smaller than that of the non-linear optical crystal. 

41. A process for producing an optical waveguide element, comprising the steps of joining an optical waveguide- 
forming material of a bulky non-linear optical crystal to a separate substrate via a joining layer of an amorphous 
material, and forming a three-dimensional optical waveguide by working the optical waveguide-forming material, 
wherein the joining layer has a refractive index smaller than that of the non-linear optical crystal. 

42. The optical waveguide element-producing process set forth in claim 40 or 41 , wherein a periodically polarization- 
inverted structure is preliminarily formed at a joining surface side of the optical waveguide-forming material to the 
substrate, and the optical waveguide-forming material is joined to the substrate such that the joining surface side 
is joined to the substrate. 

43. The optical waveguide element-producing process set forth in any one of claims 40 to 42, wherein after the optical 
waveguide-forming material is joined to the substrate, the optical waveguide-forming material is mechanically 
worked. 

44. An optical wavelength conversion element comprising a three-dimensional optical waveguide of a slab-shaped 
non-linear optical crystal, and clad layers of an amorphous material on upper and lower surfaces of the optical 
waveguide. 

45. The optical wavelength conversion element set forth in claim 44, wherein the optical waveguide satisfies a single 
mode condition for propagating lights . 
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FIG. 1a 
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FIG. 5 
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FIG. 7 
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FIG. 11 
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FIG. 13 
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FIG. 15a 
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FIG. 19 
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FIG. 20 
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FIG. 24 
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FIG. 25 
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FIG. 28 
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FIG. 31 
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